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SUMMARY

-3;8‘?'7

This report summarizes exploratory work oriented toward the
general problem of liquid impact in space vehicle and booster tanks., In
part the work involved putting back in operation theimpact test facility
previously used in earlier work conducted for the Army Ballistic Missile
Agency. General fluid impact simulation studies were carried out with the
conclusion that while fluid simulation for the launch abort case is possible
in selected circumstances it is doubtful that simulation can be attained
for every conceivable case. Similarly successful simulation of the general
low gravity case in the laboratory is doubtful though apparently possible
in particular instances. Since it does not appear possible to eliminate
fluid scale effects in very many cases by experimental design, the magnitude
of scale effect must be established, To this end a series of experiments
to check for viscous and surface tension scale effects was planned and
partially carried out on the fluid impact facility.

The results indicate that a serious viscous scale effect may exist,
but this indication must be further verified since the quality of the initial
experimental design and of the data was not all that one could desire. The
existing fluid impact facility suffers from lack of flexibility in total accel-
eration stroke and in lack of control over the pulse shape. Recommendations
for further study include development of a better definition of the most
pressing problem areas, a better theoretical understanding of the fluid
motion, prior to and during impact, and serious consideration of new
impact facilities if the scale effect investigations are to be continued,
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NOMENCLATURE

Acceleration, general
Acceleration due to drag
Acceleration ratio
Acceleration due to thrust
Rocket vehicle drag

Tank diameter

Liquid impact force

Force ratio

Standard gravity

Test facility acceleration stroke
Characteristic length
Prototyoe length

Model length

Rocket mass

2h/g Tr?;l

Pressure

Pressure ratio

A ""Reynolds" type parameter
Time, general

Model time



Mg
1,
(l-'-g)r

(uﬁ )r

Py
(pg)r
(pg )y

Pr

NOMENCLATURE (cont'd)

Duration of test acceleration stroke
Prototype time

Rocket thrust

Time

Total tank volume

Vehicle weight (terms of sea level gravity)
A "Weber' type parameter

Fraction of tank volume occupied by liquid
Contact angle ratio

Contact angle

Geometric scale ratio (:Lm/Lp)

Gas viscosity

Liquid viscosity

Gas viscosity ratio

Liquid viscosity ratio

Liquid kinematic viscosity

Gas mass density

Liquid mass density

Gas mass density ratio

Liguid mass density ratio

Density ratio

vi



NOMENCLATURE (cont'd)

0y g Surface tension
{0y g)r Surface tension ratio
T Time scale ratio (:Tm/Tp)

¢, ""Kinematic'" surface tension ratio



I. INTRODUCTION

In the nearly 8 years since the acquisition of the first data on fluid
impact in rocket booster tanks, Reference 1 and 2, boosters have grown
in size, fuels have become more exotic and missions more exacting. In
addition, rupture of fuel or oxydizer tank domes due to fluid impact has
been suspected, and the possibility of fluid impact in orbiting space craft
has been broached. Consequently it was appropriate to re-open the question
of simulation in the laboratory of fluid impact in rocket fuel tanks, and this
report summarizes the resulting exploratory investigations,

These investigations were oriented toward no specific flight situation
as had been the case in Reference 1, but were aimed at ascertaining how
much laboratory simulation with the equipment used in Reference 1 was
feasible of a variety of possible flight situations, tank sizes and fuels.

The successes of Reference 1 and the indications of Reference 3 on the
possibilities of simulating low gravity conditions were encouraging with
respect to the eventual success of this exploratory program. However,
the removal of flight situation and fluid restrictions, and the inclusion of
the greater tank sizes in use or contemplated, worked in the opposite
direction and it is not yet possible to say that the special equipment used
in Reference 1 will be useful for more than a small fraction of possible
impact problems, or for that matter how many situations it is possible to
investigate with any terrestrial laboratory equipment., The first few
sections of the report summarize the general simulation study, andthe
remainder of the report presents some data obtained from the initial stages
of an ensuing scale effect study.



II, ANALYSIS

II. 1 General Simulation Theory

II. 1a Dimensional Analysis

Dimensional analyses of the fluid impact problem were carried out
in Reference 1 for a rigid tank assuming density and viscosity of liquid and
gas and surface tension to be the important fluid variables. Reference 4 is
an example of a particularly complete dimensional analysis for fuel slosh-
ing in elastic tanks, This analysis contains many parameters but neglects
surface tension. Adding surface tension to the analysis of Reference 4 is
simple, but the number of nondimensional modeling ratios in such an
analysis is very large. Since it may be shown that the addition of new
parameters to a dimensional analysis does not change the nondimensional
relationships of the old parameters, it was felt that consideration of
elastic tanks could to advantage be carried out after consideration of the
rigid tank case. The analysis of Reference 1 considered:

Liquid density Py
Liquid viscosity By
Gas density Pg
Gas viscosity Mg
Surface tension T4g
Acceleration a
Time T

Characteristic length L
as parameters and pressure (P) as the dependent variable.

To this list should be added the contact angle (€ ) as a measure of
gas-solid and liquid-solid surface ''tensions.' Additionally compressi-
bilities and liquid vapor pressure could have been added but this addition
was deferred,



The ratio notation used in Reference 1 is convenient in modeling:

a. If L, and L., are prototype and model characteristic
lengths L
Le=h= .o
P

b. Similarly for characteristic times, Tp’ Thn

T

_m =T = T

T r

P

c. And for other variables the subscript "'r'" indicates ratio of

model to prototype quantities.
The modeling relations are’ (as in Ref, 1):
Condition Relations

a. Geometrical similarity -

b. Pressure ratio P, = (pl)rar)\

c¢. Force ratio Fy= (pﬁ)ra};)\3

d. Acceleration ratio ap = \/T2

e. Mass density (pﬂ)r = (Pg)r = Pn
f. Viscosity (wg )y = (ug)r

g. Viscosity (p.l )r = )\Zpr/'T

h. Surface tension (7 g)r = pr~)\3/’7'2
i. Contact angle 6. =1

Rearranging the equations (d, g, h,) so that \, 7, a,, may be solved
for, given the fluid properties:

3
{(0'1 )r] 3
Pr (Ulg)rpr
(1) a,= =
[(m)rr (wy)3
Pr
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CTlgeler )l (e

T = =
[ (o o)/ prl® (gﬂg)ﬁpr

(2)

[ (ryg )r/Pr]Z (1eg )%

3 = .
(3) (71 g)e/pr (S0 g)rpr

(4) Pr = (PE )r = (Pg)r

(5) (ug)r = (),

(6) Contact angle ratio, © =1

In this problem, there is no particular prototype; the object is to
see how wide a range can be covered. Consequently, everything in the last
five equations is a variable, pressure or force being dependent variables.

The previous work (Ref. 1)indicated that gas properties might not
be critical. Finding proper model liquids is usually a most difficult prob-
lem, and so arbitrarily the plan was adopted of selecting a model liquid,
then a range of possible prototype liquids and solving for a_, 7 and \ using
Equations 1, 2, and 3.

II. 1b Model Liquids

Since viscosity, surface tension, and density vary with temperature
primarily, with supposedly little effect of pressure, it was thought worth
characterizing model fluids over a range of temperature to see what gains
might be possible from testing at a higher system temperature than ambient.

It was found that the variation of fluid properties with temperature
should be approximately as follows:

1 + aR + BRZ + yR3
1 + adp + B2 + vo3

-
mp¢:wwRL }:wwra¢m

i , R-9
(re)g = (1)) 3 SXP B [(X + R) (X + d))]

bc 2/3
(9 o = (71 g L}C - R] [ gl¢:R)]




where

= Temperature, °C

= Ref.temperature, °C

= 273 °C

Critical temperature of liquid
Empirical constant

= Empirical constant

Empirical constant

= Empirical constant

R o HEMNIE
i

Values of the empirical constants can be found for some but not all fluids,
The same is true for tabulated values themselves,

Six fluids were chosen on the basis of availability, sudthe ''ball
park' validity of the foregoing expressions was verified for:

1, Water

2. Carbon tetrachloride
3. Ethyl alcohol

4, Methyl alcohol

5. Methelene chloride
6. Mercury

In addition, solutions of glycerol and sucrose were added to the list
of model fluids., These were taken at 20°C, and instead of varying temper-
ature the percentage of solution was varied within the following ranges:

Glycerol solution: 5-50%
Sucrose solution: 20-60%

II. ¢ Prototype Liquids

Since no specification of prototype is given, a reasonable guess
at a range of liguids which might be involved is all that can be done.
For present purposes the following liquids were presumed:*

______ Liquid py(gm/cc) WLCE) oy g(dynes/cm)
1 Liquid hydrogen .071 . 013 2

2 Liquid oxygen 1.14 .19 13

3 Hydrogen peroxide 1.44 1,25 76

4 JP-4 .78 .83 3 Qe

5 White fuming nitric acid 1.51 0.86 41

6 Kerosene .83 2.5 28k

7 Water 1.0 1.0 73

sle
b4

Data largely from Reference 4.
** Very approximate



II. 1d Simulation Plots

The question in the present project is primarily what length (\)
and acceleration (a,) scale ratios can be mechanically simulated with the
equipment at our disposal. Presuming solutions for a,. and X\ for specific
fluids, a plot of a, versus \ would prove useful in showing what can be done.

2 3

Given: _ Wr Ty Pr

A= T Pr ar = a

Wr

Consequently:

a ! ( or > L { ki ati fa

T = — = em s ce
T 2 \Pr 2 by br in 1c sur

tension ratio)

The kinematic surface tension of the assumed prototype liquids ranges
from 11.4 to 73, or approximately 10 to 100 (dyne-cm/gm). Kinematic
surface tension of model liquids at the reference temperature ranges from
17 to 72, also an approximate range of 10 to 100 (dyne-cm/gm). Thus

$, at reference temperature might range from 0.1 to 10. The expected
region on a \-ar plot where solutions will be found is bounded by

(2r)max = 10/2\2 and (ar)min = 1/1002 (a region on a log-log plot bounded by
two straight lines). Variation outside this band is highly unlikely. A
further consideration is that scale ratios (\) greater than one are probably
of very slight practical interest.

Figure 1 is a rough log-log plot of the regions of possible relations
between ar and \. A band (unshaded) denotes a region of probable solutions;
below this band solutions are faintly possible; above it, probably impossible.

Calculations were made on the GE-225 for \ and acceleration ratio
ar for all combinations of prototype and model fluids. The results are
shown in Figures 2 - 8, Each of these figures pertains to a particular
prototype liquid, and simulation possibilities for all of the eight model
fluids are shown on each, as is the estimate

‘.
ap = 1/\2%

A casual check of the plots 2 - 3 shows that the approximate simula-
tion range for various fluids hugs the a, = 1/22 curve very closely, and in
fact almost all the curves for various fluids are within the ''region of
probable solutions, ' Figure 1., Moreover, there is a general tendency
for most of the simulation curves to lie in the region where the model is
larger than the prototype. In addition, many of the simulation curves



invelve model fluids at extremely high temperatures and pressures since
calculations for model fluid properties were carried out to within a few
degrees of critical temperature in some cases., In general the more
viscous the prototype fluid. the more possibilities that exist with scale
ratio \ less than 1. When extreme model temperatures are disregarded,
relatively few simulation points exist.

II, 1e Considerations on Geometrical Scale Ratio

The work of the nreceding section has shown some possible relation-
ships between various scale ratios but still does not clearly show what
can (or cannot) be done with the tank bulkhead impact problem.

Perhaps the simplest scale ratio is A\ and it may be useful to put
some bounds on it. A perusal of the handbooks indicates that the prototype
fluids quoted in the preceding sections may be contained in cylindrical,
spherical or toroidal tanks (plus variations on these themes). Typical
cylindrical or spherical tank diameters range from 1 to 12 feet for present
day rockets up to Saturn class, and contemplations in the handbooks on the
Nova class indicate maxima of 16 feet. For orders of magnitude, it might
therefore be wise to consider 30-foot diameter tanks as the largest in the
foreseeable future,

At the other end of the prototype scale typical tank diameters may
range down to 6'" or so in space craft. However, at this end of the scale,
structural problems should not be of great moment - especially as the
prototype size is about equal to model size.

Consequently, the probable range of prototype tank diameters of
interest would be from 3 to 30 feet. Some idea of convenient model sizes
is necessary. Since a one-foot diameter model is not too cumbersome an
object, one foot will be taken as about the upper limit on model size.

For maximum model size, A becomes 0.33 to 0.033, If we wish
to measure pressures, a model diameter of 1/3 foot is probably smaller
than convenient. Assuming this dimension for minimum model size
results in a scale ratio range from 0.1 to 0.01. Combining the two ranges,
geometric scale ratio X\ may be expected to have the following extreme
practical range:

0.0l £x<0.3

A comparison of this range with the results in Figures 2 - 8 further
restricts possible simulation points,



II. 2 Application to Abort during Launch

What are the magnitudes of accelerations produced by rocket
thrust and drag?

II. 2a Earth Gravitational Field

Since in the abort case we are dealing with the first 100 miles off
the earth, the earth's gravitational field may be assumed roughly constant,

II. 2b Acceleration Due to Thrust

The component of acceleration due to rocket thrust is along the
rocket axis and equal to
ar = T/M

thrust
rocket mass

where T
M

Strictly speaking, T varies with altitude and time and M varies with time
as fuel is consumed. The major variation in T/M, however, may be
ascribed to mass variation during flight. Thus, holding T constant at the
rated engine thrust

T
T/M = g =
Wi o 8
g = standard gravity

W (t)

Ky

Some rough figures on typical values of K, can be obtained from
Reference 6 taking quoted design weights and thrusts and computing mini-
mum K; for the case of full fuel load and maximum K; for the case of
almost exhausted fuel. Typical results are as follows:

vehicle weight (in terms of sea level gravity)

T/W (t)

First Stage Second Stage Second Stage

Rocket Lift Off Cut Off Ignition Cut Off
Thor Agena B 1.34 7 1.07 6
Atlas Agena A 1,31 14 1.55 3.5
Saturn C 1 1.30 3.7 0.63 2
Nova 1.34 3.2 0.65 1.15




It appears that acceleration due to thrust will vary from about
1 to 10 g's. Probably a narrower range (1+5g) would be appropriate for
manned missions,

II. 2¢ Acceleration Due to Drag

Some order-of-magnitude estimates of drag from Referenceb
result in values varying from nearly nothing to (.3) times thrust at the
outside for the rocket vehicles cited previously.

Since the acceleration magnitude due to drag will be: ay = D/M
Substituting D = K4T and T/W (t):

T
ag = —— Kag = KK
d” Wy 98 dé

Summary of order-of-magnitude estimates for thrust, drag, and gravita-
tional acceleration:

ag = g
ay = Kig

KiKqag

aq

ot

<K <10
< Kg < .3

(@)

The thrust and drag accelerations can be assumed along the axis
of the rocket.

II. 2d Simulation of Net Acceleration

The net reaction on each particle of fluid if attached to the tank is
the vector sum of its mass times gravitational acceleration plus the
negative of the rocket's axial acceleration,

el
!
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When the thrust is cut off

Titd R; = my [ - g ta,l

agm,
Thrust on Thrust off

It can be seen that cutting off thrust is equivalent to suddenly altering
the magnitude of and rotating an effective gravitational field. When the
angle between earth gravity and the rocket axis is small, the magnitude
of the effective gravitational field becomes

[ar +'EgI~ glKy - K Kg+1]
The value of this expression ranges from 1.7 to 11 g.
After the thrust is cut
B+ 3g| =l -KKg+1]g
(for small angle between earth gravity and rocket axis),

The value of the last expression ranges from +g to -2g. If the
equilibrium acceleration before the abort is simulated by lg in the
laboratory (a model tank standing still) we must have an acceleration
scale ratio less than 1., Unfortunately, acceleration ratios less than 1
and geometric scale ratios from .0l to .3 are in a region on the fluid
simulation plots Figures 2 - 8 where full viscous and surface tension
scaling is extremely unlikely. It will consequently be impossible to sim-
ulate the initial acceleration conditions with lg in the laboratory. Hope
of simulation of the abort lies in the region of acceleration scale ratio
greater than 1.

How could the initial conditions of the abort be simulated for
acceleration scale ratios greater than one? One possibility would be to
accelerate a sled toward the ground with small rockets, then cut off and
decelerate. The powered part of the ride would have to be sufficiently long
so that equilibrium conditions would be reached. After cutoff, the tank
could be made to experience deceleration to simulate conditions after
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prototype thrust cutoff,, This scheme would appear to have drawbacks in
that while acceleration scale ratios > 1 would be feasible, it is questionable
if high enough model accelerations could be maintained to put the accelera-
tion scale ratios up near where fluid simulation seens at all feasible.

(For example, a 5g prototype initial acceleration implies 100g model
acceleration for an acceleration scale ratio of 20, which is not particularly
high as far as fluid simulation is concerned. )

In summary, simulation of both initial and final acceleration
conditions for the general abort case does not appear encouraging. The
approach used in the past (Ref. 1) was to neglect the initial conditions
and simulate the change in acceleration only, This approach implies
neglect of lower bulkhead elastic effects, the fluid being assumed incom-
pressible, Simulation of acceleration change on the equipment of Reference 1
is fairly straightforward., Acceleration scale ratios based on change of
acceleration range from about 5 to 50 (corresponding to prototype accelera-
tions of 10 to 1g respectively), andthese values are at least in the ball park
as far as simulation of some prototype fluids is concerned.

It can be seen from the fluid simulation plots Figures 2 - 8, that
about the only simulation of fuels which is easy is that which was done in
Reference 1 (kerosene with scale ratios ~ 0.1 and acceleration ratios
= 75),

It appears that the simulation equipment of Reference 1 may have
rather limited simulation capability, not because of limitations in equip-
ment, but because of limitations on our ability to select fluids suitable for
inertial, viscous and surface tension scaling.

II. 3 Simulation of Liquid Impact under Low Gravity

The existence of some potential fluid simulation points at accelera-
tion scale ratios of 102 to 103 on Figures 2 - 8, suggests that low gravity
may be simulated at lg in the laboratory under certain circumstances. In
the fluid impact problem, it is not too hard to imagine an orbital rendez-
vous maneuver with an initial effective acceleration of 10~2 or 1073 g and
then a sudden deceleration as contact between two orbiting vehicles is made.
Initially, fluid in a partially full tank would be gathered at one end and,
depending on the magnitude of the deceleration, would move to the other end
with resulting impact,

In this case, the potential geometric scale ratio range of interest
remains the same, but acceleration ratios > 102 would be the acceleration
scale range of interest, since the low gravity prototype environment could



12

be simulated in the laboratory at lg. Some hope of simulation with very
small models is shown in Figures 4 - 8 for water and more viscous fuels,
bearing out the indications of Reference 3.

II. 4 Summary of Simulation Study

II.,4a General

Assuming both viscosity and surface tension to be important in
simulation, very little of the interesting range of geometric and acceleration
scale ratios is touched with known fluids, even a smaller to vanishing part
if model fluid temperatures are restricted to ambient. The inclusion of
mercury as a model fluid and the results indicate the possibility of exploring
liquid metals further, especially for low gravity simulation, althoughsheer
model weight would be multiplied manyfold. It is shown that previous
simulation successes were largely due to a particularly advantageous
problem. How far our general capability at simulating fluid impact problems
can be developed remains in question.

It must also be pointed out that present equipment does not have the
capability of rotating the apparent gravitational field. This effectively
limits its utility to cases where the rocket axis is aligned at small angles to
a gravitational field, or to those cases where initial acceleration conditions
may be disregarded.

The disparity between what can be done and the general ranges of
interest outlined herein is so great that the problem specification should
be better defined.

The limitations on our ability to simulate the fluid impact problem,
which are pointed out in the foregoing, rest on the hypothesis that liquid
density, viscosity and surface tension are the only fluid properties of
importance. What other factors are of importance becomes somewhat
academic until the validity of the above hypothesis is discarded. It therefore
seemed appropriate to initiate an experimental study to ascertain if liquid
viscosity and surface tension were, in fact, important, and the plans for
such a study are outlined in the next section,

II. 4b Experimental Plans

The interest lies in maximum impact pressures or forces on the
tank dome and the question is how significant to these forces or pressures
is variation of liquid surface tension and viscosity.
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As is normal to such studies, a series of two or three geometrically
similar tanks was envisioned, each to contain liquids of varying viscosity
and surface tension. In such a study, an index pressure or force is all
that is required. In view of the existing facility (Ref, 1), it was felt wise
to plan for two tanks capable of being fitted on the existing facility, one the
largest that could be handled, one the smallest which could be instrumented.
The instrumentation requirement on the small tank indicated that total dome
force could be the most convenient index of dome impact pressures. A
third tank, considerably larger with a new low acceleration impact facility,
could also be envisioned should studies of the tanks capable of being tested
on the existing facility turn up some serious scale effect.

Though full implementation of such a program was beyond the scope
of the present program, it was felt possible to proceed with preliminary
tests of the largest tank which could be handled on the facility (11' diameter).

It was planned to accelerate this tank over a range of accelerations
normal to the initial free surface for each of the following three fluids:

a. 30% Glycerol solution
b. Water
c. Methyl alcohol

It appeared that these tests alone should show scale effect if it was
serious in accordance with the scaling relations of the previous section.
For example, if it was desired to model the 1l-inch tank containing 30%
glycerol, these scaling ratios show that a 1/6 scale tank and an acceleration
scale ratio of 37 would be required if water were the model fluid. Similarly,
to model the 11-inch tank containing 30% glycerol solution with methyl
alcohol, a 1/4 scale tank and acceleration scale ratio of 7.4 would be
required.
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111, EXPERIMENTAL PROGRAM

III. 1 Experimental Procedure

ITI. 1la Test Facility

The fluid impact test facility which was built some c¢ight years ago
at SwRI, was overhauled and installed in a new laboratory space. A general
view of the installed facility is seen in Figure 9. The design of this appa-
ratus is covered in some detail in Reference 1, and was used in much the
same manner in this series of experiments. In principle, the apparatus
consists of a long, pneumatic cylinder and piston rod. The test tank is
attached to the end of the piston rod,and the assembly is accelerated by
high pressure nitrogen over a fixed distance and then decelerated by means
of a floating piston in the lower half of the cylinder.

IIT, 1b Tank Design

Certain features of the test apparatus indicated the advisability of
designing the tank to have a conical bottom. In line with current practice,
it was felt that the upper tank bulkhead should be either ellipsoidal or hemi-
spherical. The ellipsoidal shape was selected arbitrarily. Figure 10
indicates the proportions of the tank,

ITIT, 1¢ Instrumentation

Since it was determined to measure only total force on the upper
bulkhead, the ellipsodialhead was fabricated separately from the cylindrical
tank body and attached to it through an eight-arm force balance specially
built for this project. The eight arms of the force balance (Fig. 10) were
fitted with strain gages so that total vertical force on the tank dome could
be read out. Since the previous work, Reference 1, indicated that the
facility would destroy commercial unbonded strain gage accelerometers in
short order, a new bonded strain gage accelerometer was fabricated.
Preliminary test findings indicated that the noise level on the accelerometer
and force outputs would be extremely high, Consequently, low pass elec-
tronic filters were employed to make the records intelligible. Transient
reponse calculations were made for the accelerometer plus filter combi-
nation and these indicated that the accelerometer-filter systemhad a rise
time of about 3 milliseconds and a maximum overshoot in response toc a
step of about 10%. The transient characteristics were felt to be acceptable
for acceleration pulse records of total duration from 60 to 200 milliseconds,
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The dynamic characteristics of the force balance and the low pass filter
employed in conjunction were such that the rise time and overshoot in the
force balance would have been less than that for the accelerometer, but
detailed calculations were not carried out, The accelerometer was both
statically and dynamically calibrated prior to testing. The force balance
was statically calibrated prior to the test., In both cases electronic cali-
bration signals were employed to guard against amplifier drift,

ITII. 1d Experiments

The first experiments on the 11-inch tank were carried out with an
amount of water equivalent to 25% of the total tank volume. In these first
tests no fluid force pulse was recorded up to an acceleration pulse mag-
nitude of 4 or 5 g's since the stroke of the apparatus was too short, The
experiments were repeated for tank fluid level equivalent to 50% of the
tank volume with very much the same results and finally, the tank was
filled to a level corresponding to 78% by volume and the remaining experi-
ments carried out with the tank fluid at this level. The acceleration and
force time histories were recorded on a dual-trace oscilloscope and
photographed, using a standard oscilloscope camera. The raw test data,
when expanded to engineering units, was similar to the sketch of Figurell,
The top time history in this figure is that of the force, and the lower that
of acceleration., It was noted on all traces that appreciable force due to
acceleration of the tank dome was recorded. .

In all, three test series were carried out. In each one, the tank
orientation to the vertical was 0°, the fluid level in the tank corresponded
to the 78% full condition, and the facility acceleration pressure was varied
so as to yield acceleration pulse magnitude, varying from 2 or 3 up to 20 g's,
In the first test series, water was used as the test fluid. In the second
series, a 30% glycerol solution was employed, and in the third test series,
methyl alcohol was used,

III. le Data Reduction

Due to the shape of the force pulse shown in Figure 11, it was nec-
essary to make an inertia correction as indicated graphically in the figure.
Unfortunately, the resolution on the oscilloscope pictures and the mag-
nitude of the inertia corrections were such that the accuracy of the net
fluid impulse forces was seriously degraded.



ITI. 2 Experimental Results

III. 2a Accelerations

Since the acceleration pulses were neither exactly rectangular or
other simple shape, it was decided to characterize the magnitude of the
pulse by a function of the uniform acceleration necessary for the tank to
travel the constant stroke of the apparatus in the observed time. This
acceleration divided by g is called ng and is given by

2h
n =
s
gT§
where h = stroke of apparatus
Ty = total duration of stroke

This acceleration is inclusive of gravity, andthe magnitude of the recorded
acceleration pulse was characterized by (ng - 1).

In order to compare the acceleration pulses for different accelera-
tion magnitudes, all of the pulse time histories were normalized. The
time scale in each pulse was divided by the total duration of the pulse
(Tg) and the recorded pulse amplitude was divided by (ng -1). The results
from 45 tests were superimposed. All of these pulse time histories fell
within the shaded band in Figure 12, This figure indicates the nature of
the acceleration pulse obtainable in this facility for the tank accelerations
from 4 to 20g's. Acceleration pulses, whose magnitude was below about
3g's, deviated widely from this form andthe few runs obtained at these low
acceleration levels were not further analyzed. It is probable that friction
in the apparatus prevents adequate control of the acceleration pulse mag-
nitude for less than 3g accelerations.

ITII. 2b Impact Forces

The raw force pulse time histories obtained in these experiments
were grossly deficient in that no maximum was reached prior to the end
of the acceleration pulse. (Fig. 1l is typical of the better records,) This
was a consequence of limited stroke of the facility. It was determined,
however, to make as careful as possible a correlation of the initial portion

16

of the force pulse. If viscous and surface tension effects are not important,

then the force should non-dimensionalize in a form similar to

F
paVa
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where p 1is mass density of liquid
a 1is an acceleration magnitude

Va is the total fluid volume or other geometrical
parameter having length cubed dimensions.

V is tank volume
a is fraction of tank volume occupied by fluid

Similarly, assuming neither viscosity nor surface tension to be
important, the time scale should non-dimensionalize as follows
t /2
d
where
t is time
d is tank diameter

The resulting time parameter is analogous to the distance which a free
particle falls under the influence of a constant acceleration.

Considerable effort in correlating the 45 force pulse records was
expended, andit was found that the best correlation of these time histories
was obtained by plotting F/pgVa(ng-1) against t+/g(ng-1)/d. The accel-
eration term in each of these parameters is an approximation to the net
relative acceleration between a fluid particle in free fall and the acceler-
ted tank. The results are shown in Figures 13, 14 and 15, for water,

30% glycerol and methyl alcohol, respectively. As can be noted, these
figures show very few results explicitly, The wide black mean line shown
is a line which could represent all of the test data when the test tolerance
resulting from the poor resolution of the basic loads is considered. The
two outer lines enclosing this black line indicate the spread of normalized
time histories. In Figure 15 for methyl alcohol, the heavy black median
line has been grossly expanded near its end, this reflecting the non-system-
atic dispersion between four runs at acceleration levels from 13 to 19g's
where the resolution tolerance was relatively small. In Figures 14 and
15, the dashed lines represent an actual force pulse which could not be
correlated with the others, Both of these isolated results were at rather
low levels of acceleration.
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I1I., 3 Discussion
III, 3a General

A comparison of the magnitude of the force pulses at equivalent
normalized times in Figures 13, 14 and 15 shows that the results for
water and for methyl alcohol are sufficiently close together so that any
differences between impact forces are more than obscured by the general
lack of precision in the experiment. However, a comparison of either
the water or the methyl alcohol experiments with the results of the 30%
glycerol solution, show that the impact forces for the more viscous fluid
seem to be almost twice as great as those for the water or alcohol and on
the average that the fluid reached the tank dome slightly sooner. In the
absence of any realistic analytical treatment of the motion of the fluid,
it is difficult to advance reasons for this result. If this result can be
verified, it means that a fairly serious viscous scale effect exists, From
the practical point of view, even though a viscous scale effect may exist
for the initial portions of the force pulse, it may not be serious for max-
imum force. It must be mentioned that this indication of scale effect is
not in agreement with privately communicated preliminary results from
NASA Langley, for experiments wherein force maxima were observed,

The importance of the existence or non-existence of a viscous scale
effect in small scale experiments may be illustrated as follows.

One of the enormous number of '"Reynolds Type'' parameters
relating the ratio of viscous to inertial forces can be written as follows

R = (ns'l)gd3
where
v is the liquid kinematic viscosity

This '""Reynolds Number' can be evaluated approximately for possible
prototype tanks as well as the present experiments. The results are
shown in graphical form in Figure 16, It is seen that the variation in
""Reynolds Number" in the present experiments has spanned almost an
order of magnitude. This would be rather exceptional if it were not for the
fact that even when one considers kerosene as the prototype liquid in

tanks 10 to 30 ft in diameter, an additional 3 orders of magnitude extrapola-
tion is required. If liquid oxygen is assumed, in 10 to 30 ft-diameter
tanks, almost 5 orders of magnitude extrapolation from the present
experiments is required. Figure 16 also shows thatthe viscous scale effect
indicated by Figures 13 - 15 is plausible since the "Reynolds Number"
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ranges for water and alcohol are fairly close together while that for the
glycerol solution is half an order of magnitude lower.

An additional nondimensional parameter of interest is one express-
ing the ratio of inertial to surface tension forces. One of a large number
of such parameters is

W = (ns-l)gdZ
- ¢

where
¢ is the "kinematic'" surface tension (cr/p)

The upper part of Figure 16 shows similar ranges of this parameter for the
present experiments and for large prototype tanks.

Suffice to say the extrapolation problem is sizable for both surface
tension and viscosity.

The primary deficiency in the current experiments was that of
having failed to achieve a maximum force as was done in Reference 1. It
happens that the mean distance through which a fluid particle on the surface
had to '"fall" in these experiments in order to impact the dome was about
d/2, and thus the numerical value of the time parameter in Figures 13 - 15
is quite reasonable. It is obvious that duration of acceleration pulse will
have considerable bearing on test results, So far as simulation is concerned;
some rough calculations indicate in the case of prototype launch abort that
the time parameter tN a/d may vary from 1 to 50 thus further complicating
the problem,

III. 3b Comparisons with Previous Data

Only two sources of similar data are available, The first, in
chronological order, is that obtained in Reference 1 at SwRI. The data
contained in this reference are inthe form of pressures instead of total
forces on tanks with various head shapes. Two sets of experiments are
of interest for comparison, both experiments with the facility orientation
at 0° to vertical. One experiment was for a50% full tank, the other for a
25% full tank. In both these cases, the tank had a head or dome composed
of a spherical segment, A fairly crude pressure integration was carried
out on the basic data contained in Reference 1, for peak forces, andthe
results were normalized and are plotted in Figure 17. Privately
communicated preliminary data from NASA Langley for total force on
the head of a tank having a hemispherical head plot in the shaded range
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on this figure,. As can be noted, the trends of the data from the two sources
do not agree, presumably because the acceleration magnitudes are vastly
different. It must also be remarked that the test methods are quite dif-
ferent and the shape of the acceleration time histories differ as well,

though the nature of the fluid motion is qualitatively the same. Since the
ordinate on Figure 17 is the same as that on Figures 13, 14 and 15, it

can be seen that the present data are very much in line with past data so

far as order of magnitude is concerned, but that since no peaks were
measured in the present data, this comparison is rather inconclusive.

III.4 Summary of Experiments

It was found that the test facility previously constructed is capable
of imposing a fairly repeatable acceleration pulse of from 4 to 20g's in
magnitude on a payload of approximately 125 1b, This acceleration range
can, in all probability, be increased to 4 to 50g's with negligible payload.
Below approximately 3g tank acceleration, the pulse shape is irregular
and difficult to control. In general, this equipment suffers from lack of
flexibility in total acceleration stroke and in control over the pulse shape.

It was found that the acceleration pulse duration is likely to be an
extremely important variable in the simulation of tank bulkhead impact.
In particular, the preliminary experiments deal with a tank too large for
the equipment {11-inch diameter).

A fairly consistent indication that viscous scale effects exist in the
tank bulkhead impact problem was observed, though the evidence is
extremely scanty.
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IV. RECOMMENDATIONS

The net result of the exploratory studies described herein has been
a large increase in the anticipated magnitude of the general fluid impact
simulation problem. Considerable work is recommended on better defin-
ing the specifications for those impact problems which are of most press-~
ing importance, or on defining whether or not the general problem is
worth sizable development effort. In absence of a definitive answer to
the above, continuation of the present line of work is not recommended.

Should the problem become better defined or the general problem
become of sufficient importance to justify additional development, some
even approximate theory for the mode of motion of the fluid from its
initial position to the dome is required. The behavior of the fluid in
present experiments was apparently very like the behavior in previous
experiments, andthis has been shown to be extremely complicated.
Additionally, in order to continue the necessary scale effect investigations
initiated herein, a larger impact facility, as far as stroke is concerned,
is badly needed, though such a facility need not have the extremely high
acceleration capability of the present equipment.
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TEST FACILITY

FIGURE 9.
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